Introduction
============

Local anesthetics are drugs that produce reversible inhibition of nerve conduction when applied to the peripheral nerve fiber. These work by blocking the voltage-gated sodium channel, which results in loss of pain or hypoalgesia in the applied area.[@b1-jpr-6-223] Lidocaine, an anesthetic widely used clinically, is a tertiary amine that exists in a mixture of protonated and uncharged base forms under physiological conditions.[@b2-jpr-6-223] The uncharged hydrophobic form of lidocaine can penetrate the membrane of all neurons so that in addition to blocking pain signals, it produces numbness due to blocking of low-threshold sensory nerves, deficits in motor function, and blocking of autonomic nerves.

Binshtok et al[@b3-jpr-6-223] devised a new application for permanently charged sodium channel blockers such as N-ethyl-lidocaine (QX-314), a lipophobic lidocaine derivative. QX-314 was found to block the sodium channel when introduced directly into the cytoplasm of the cell but not when applied extracellularly in a standard local anesthetic method[@b4-jpr-6-223],[@b5-jpr-6-223] because it failed to penetrate the membrane (owing to its lipophobic nature). Subsequently, it was shown that QX-314 could selectively hit the nociceptor target when coadministered with capsaicin, leading to the preferential block of the sodium channels associated with the inhibition of excitability in nociceptors.[@b3-jpr-6-223],[@b6-jpr-6-223] The pore size of the transient receptor protein vanilloid 1 (TRPV1) channels that were opened by an agonist, capsaicin, permitted delivery of QX-314 into nociceptive neurons. As a consequence, the new method produced a selective nociception block, with loss of numbness and motor paralysis. However, capsaicin evoked pain when coinjected with Qx-314, therefore, TRP channel agonists with less pungent or burning characteristics would be better to use with QX-314. In Binshtok et al and Roberson et al, it was reported that lidocaine could substitute for capsaicin to introduce QX-314 into nociceptors through TRPV1 channels because TRPV1 channels are also activated by lidocaine.[@b7-jpr-6-223],[@b8-jpr-6-223] However, a fault with lidocaine is that it blocks the excitability of all neurons, not just the sensory neurons.

This study aimed first to find substances apart from lidocaine, already reported by Binshtok,[@b3-jpr-6-223] to use in place of capsaicin to adapt drug delivery in the clinical setting. Then, we examined the ability of allyl isothiocyanate (AITC) and menthol to deliver QX-314 into nociceptive neurons through the pores of both transient receptor potential ankyrin 1 (TRPA1) and transient receptor potential melastatin-8 (TRPM8), and examined whether they produced an antinociceptive effect or not.

Materials and methods
=====================

Animals
-------

Fifty-four male Wistar rats (120--350 g) were used for behavioral studies, and eight rats were used for histochemical studies. The animals were housed and given rodent feed and water ad libitum. Behavioral studies were conducted at approximately the same time each day to reduce circadian effects. The study protocol was approved by the Tokushima University Care and Use of Animals Committee.

Application of chemicals
------------------------

### Drugs

Capsaicin (Nacalai Tesque Inc, Kyoto, Japan), AITC (\[a component of mustard oil\] Polysciences Inc, Warrington, PA, USA), menthol (\[a mint essential oil\] Enzo Life Sciences Inc, Farmingdale, NY, USA), and capsazepine (Cayman Chemical Co, Ann Arbor, MI, USA) were freshly prepared with a vehicle comprised of 10% ethanol, 10% Tween^®^ 80, and 80% normal saline. QX-314 (Enzo Life Sciences Inc) was dissolved in physiological saline. QX-314 coupled with 5(6)-carboxyfluorescein (FAM) was used for histochemical methods ([Figure 1](#f1-jpr-6-223){ref-type="fig"}).

Intraplantar injection with agonist (behavioral tests) To detect the effect on the TRPA1 channel, injections (10 μL in each group) of 5% AITC only (AITC group), 2% QX-314 only (QX-314 group), a mixture of AITC and QX-314 (AITC/QX-314 group), and the vehicle alone (vehicle group), were made into the rat right plantar hind paws (TRPA1 experiment). Similarly, 10 μL of 5% menthol and 0.1% capsaicin were injected into right plantar hind paws, to detect their effect on TRPM8 and TRPV1 (TRPM8 and TRPV1 experiments). For each experimental group, six animals were used. The data from the QX-314 and vehicle groups were used in all the experiments. The concentration of drugs used in our study was based on the Binshtok et al[@b3-jpr-6-223] or Chen protcols.[@b9-jpr-6-223]

### Intraplantar injection with TRPV1 antagonist (behavioral tests)

Capsazepine is a specific, competitive capsaicin receptor antagonist.[@b10-jpr-6-223] To examine the inhibition of the antinociceptive effect of capsaicin/QX-314, capsazepine (50 μg/mL; 10 μL) was injected 30 minutes prior to capsaicin/QX-314 (10 μL) injection (capsazepine/capsaicin/QX-314 group) in the right plantar hind paw. The data of the capsaicin/QX-314 group from the TRPV1 experiment were used as the comparison. The concentration of capsazepine and time of administration used in this study was based on Kwak et al's experiment.[@b11-jpr-6-223]

### Intraplantar injection (histochemical studies)

FAM-conjugated QX-314 (QX-314-FAM) (Toray Research Center Inc, Tokyo, Japan) was used as the tracer to examine whether QX-314 could pass through TRP channels. A mixture of either 5% AITC and 0.5% QX-314-FAM (50 μL), a mixture of menthol (5%) and 0.5% QX-314-FAM (50 μL), or a mixture of capsaicin (0.1%) and 0.5% QX-314-FAM (50 μL) were injected into rat right plantar hind paws to confirm the opening of TRPA1, TRPM8, and TRPV1 channels, respectively. As a control, an injection of 0.5% QX-314-FAM (50 μL) only was made into rat right plantar hind paws. The dose of 50 μL was injected for the histochemical study for assurance of sufficient amount of the tracer for detection. We qualitatively examined the number and size of cells that took up the tracer.

Behavioral tests
----------------

### Hind paw withdrawal to noxious heat (Hargreaves method)

Thermal sensitivity was investigated by exposing the hind paws to a defined radiant heat stimulus through a transparent perspex surface (Plantar Test; Ugo Basile Srl, Comerio, Italy). The paw-withdrawal latencies were recorded.[@b12-jpr-6-223] The intensity of the thermal stimulation was adjusted to 50, according to our previous study.[@b13-jpr-6-223] A cut-off time of 20 seconds was set, to avoid tissue damage. Each rat received two consecutive stimuli, and the interstimulus interval for each trial was at least 2 minutes Before the drug injection, baseline withdrawal-response latencies were determined for all of the animals. The withdrawal-response latencies were measured at 10, 30, 60, 120, 180, 240, and 300 minutes after the drug injections. The experimenter was blind to the treatment group, in all behavioral tests.

### Data analysis

The experimental data were analyzed with repeated measures analysis of variance (ANOVA), followed by the least significant difference (LSD) post hoc test. Results were expressed as the mean + standard error (SE). *P* \< 0.05 was considered to be significantly different.

Histochemical methods
---------------------

After injection with a either a mixture of AITC and QX-314-FAM, a mixture of menthol and QX-314-FAM, a mixture of capsaicin and QX-314-FAM, or only QX-314-FAM, the rats were housed in their cages for 2 weeks to allow an ample labeling of dorsal root ganglion (DRG) neurons by QX-314-FAM. Then, the rats were anesthetized and perfused transcardially with saline followed by 4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4). After perfusion, right dorsal root ganglia (L4-6) were collected postfixed in the same fixative solution (4°C, 2 hours), and immersed overnight in PBS containing 30% sucrose. The ganglia were cut into 30 μm serial sections on a cryostat and embedded on glass slides with 1% propyl gallate. DRG cells in every frozen section were observed under a fluorescent microscope. Those cells entirely showing a marked green fluorescence were confirmed to have incorporated the tracer. The fluorescently-labeled neurons were counted and the diameter of the neurons with nuclei were measured to know their size distribution.

Results
=======

Behavioral tests
----------------

### Effect on TRPA1 channel opening

The experimental groups showed no significant difference compared with the vehicle group ([Figure 2](#f2-jpr-6-223){ref-type="fig"}).

### Effect on TRPM8 channel opening

The menthol/QX-314 group showed analgesia compared with vehicle group at 10 to 60 minutes after injection (*P* \< 0.01). Similarly, the menthol group showed analgesia compared with vehicle group, at 10 to 60 minutes after injection (*P* \< 0.01). No significant difference was seen between the menthol group and menthol/QX-314 group ([Figure 3](#f3-jpr-6-223){ref-type="fig"}).

### Effects on TRPV1 channel opening

The capsaicin/QX-314 group showed a longer withdrawal latency (analgesia) than either the QX-314 group or vehicle group at 60 to 300 minutes after injection (*P* \< 0.01 and *P* \< 0.001, respectively). The capsaicin/QX-314 group showed analgesia compared with the capsaicin group, at 60 to 180 minutes after injection (*P* \< 0.05, *P* \< 0.01). Capsaicin group also showed analgesia compared with QX-314 group or vehicle group, at 240 to 300 minutes after injection (*P* \< 0.01). No significant difference can be seen between QX-314 group and vehicle group ([Figure 4](#f4-jpr-6-223){ref-type="fig"}).

### Inhibition of the antinociceptive effect of capsaicin/QX-314 by capsazepine

Capsaicin/QX-314 group showed analgesia compared with the capsazepine/capsaicin/QX-314 group, 60 to 300 minutes after injection (*P* \< 0.01 and *P* \< 0.001, respectively). No significant difference was seen between the capsazepine/ capsaicin/QX-314 group and the vehicle group ([Figure 5](#f5-jpr-6-223){ref-type="fig"}).

### Effects on TRPA1, TRPM8, and TRPV1 channel opening (histochemical studies)

The cell sizes of DRG were divided into three diameter ranges: small (\<30 μm), medium (30--50 μm), and large (\>50 μm).[@b14-jpr-6-223] The fluorescence in the small- and middle-sized neurons was conspicuous in the DRGs injected with capsaicin/QX-314-FAM, accounting for 40.7% and 54.2% of all labeled neurons, respectively ([Figure 6A](#f6-jpr-6-223){ref-type="fig"} and [Table 1](#t1-jpr-6-223){ref-type="table"}). Fluorescence was not seen in DRGs injected with only QX-314-FAM, AITC/QX-314-FAM, or menthol/QX-314-FAM ([Figure 6B](#f6-jpr-6-223){ref-type="fig"}--[D](#f6-jpr-6-223){ref-type="fig"}).

Discussion
==========

Behavioral tests
----------------

### Effect on TRPA1 channel opening

TRPA1 is also known to be expressed in a subset of sensory neurons and to be activated by noxious cold, AITC, cinnamon, and icilin (a synthetic cooling compound).[@b15-jpr-6-223] We used AITC which is known as the most potent TRPA1 agonist.[@b9-jpr-6-223] The experimental groups were not significantly different from those in the vehicle group. Chen et al[@b9-jpr-6-223] showed that AITC-induced YO-PRO^®^ (a fluorescent dye that binds to nucleic acids; Life Technologies, Carlsbad, CA, USA) is taken up into TRPA1-positive cells. Accordingly, TRPA1 pores could be expected to mediate the entry of QX-314 into TRPA1-positive neurons. There are two possible reasons why TRPA1 could not induce analgesia in our experiment. Park et al[@b16-jpr-6-223] reported that 75% of primary afferent dental neurons (\<24 μm) expressed TRPV1, 20% expressed TRPA1, and 20% coexpressed both TRPV1 and TRPA1; probably, a lower level of TRPA1 expression in the noxious heat-sensitive polymodal nociceptors did not allow sufficient entry of QX-314 into the nociceptive neurons. The other possible reason is that we used noxious thermal stimuli, although TRPA1 is activated by noxious cold; TRPA1 is probably insensitive to noxious heat. Further study will be necessary to confirm whether the coapplication of QX-314 and AITC can induce analgesia under noxious cold stimulation.

### Effect on TRPM8 channel opening

TRPM8 channels are activated by low temperatures (threshold: 25°C) and by exposure to cooling compounds, such as menthol.[@b17-jpr-6-223],[@b18-jpr-6-223] These channels are expressed selectively in sensory neurons of the DRG and the trigeminal ganglion.[@b19-jpr-6-223],[@b20-jpr-6-223] In the present study, we used menthol as the most convenient agonist of TRPM8. The menthol/QX-314, as well as the menthol group, showed a greater degree of analgesia than did the vehicle group; on the other hand, no significant difference was seen between the menthol only group and the menthol/QX-314 group. These results indicate that menthol could independently induce analgesia. This is consistent with previous reports that showed thermal-pain suppression by menthol.[@b21-jpr-6-223]--[@b26-jpr-6-223] In addition, the present results indicated that QX-314 cannot pass through the pores of TRPM8. This may be consistent with the results of Chen et al's study,[@b9-jpr-6-223] which showed that YO-PRO could not be taken up through TRPM8 following activation by menthol only.

### Effect on TRPV1 channel opening

TRPV1 is expressed in a subset of sensory neurons and activated by noxious heat, capsaicin, and protons.[@b27-jpr-6-223]--[@b29-jpr-6-223] In our experiments, the thermal latencies in the capsaicin/QX-314 group were significantly different from those in the capsaicin group, QX-314 group, and vehicle group. These results are consistent with the Binshtok et al report.[@b3-jpr-6-223] QX-314 seemed to penetrate directly through TRPV1 channel pores when it was administered with capsaicin. The TRPV1 channel pores appear to be large enough to allow the passage of compounds smaller than styryl pyridinium dye (FM1-43, molecular mass: 452Da).[@b30-jpr-6-223],[@b31-jpr-6-223] Accordingly, QX-314 (molecular mass: 263Da) is thought to easily pass through the pores of TRPV1. However, the onset time of local anesthesia induced by capsaicin/QX-314 was delayed because the diffusion of QX-314 into the sensory neurons was delayed.[@b32-jpr-6-223] The result in the QX-314 group was not significantly different from that in the vehicle group, consistent with the results reported by Binshtok et al.[@b3-jpr-6-223] In other words, QX-314 could not penetrate the membrane due to its lipophobic characteristics.[@b33-jpr-6-223],[@b34-jpr-6-223]

If capsaicin was sufficient to activate TRPV1, the animals should have exhibited a hyperalgesic response. However, the response to noxious heat was not significantly different between capsaicin group and the vehicle group at 10 to 30 minutes. The reason why the animals exhibited no hyperalgesic response is that TRPV1 is typically activated under inflammatory conditions,[@b35-jpr-6-223] and inflammation was not induced in the animals in this study. On the other hand, a significantly greater degree of analgesia was observed in the capsaicin group compared with the vehicle group, at 240 to 300 minutes after the injection. The local nociceptor-desensitization action of capsaicin is considered to be the underlying mechanism for the hypoalgesia.[@b36-jpr-6-223]--[@b38-jpr-6-223] However, no significant differences were reported between the capsaicin group and the vehicle group in the Binshtok et al study.[@b3-jpr-6-223] The reason for the difference in results between our experiments and those reported by Binshtok et al[@b3-jpr-6-223] remains unclear.

### Inhibition of the antinociceptive effect of capsaicin/QX-314 by capsazepine

To examine inhibition of the antinociceptive effect of capsaicin/QX-314, capsazepine (50 μg/mL; 10 μL) was injected into the plantar aspect of the right hind paw 30 minutes prior to the injection of capsaicin/QX-314 (10 μL) (capsazepine group). The capsaicin/QX-314 group exhibited a greater degree of analgesia compared with the capsazepine group, at 10 to 60 minutes after the injection; on the other hand, no significant difference was observed between the capsazepine group and the vehicle group. This result indicates that capsazepine inhibited QX-314 entry into the nociceptive neurons through the pores of the TRPV1 channels.

Histochemical studies
---------------------

The fluorescence in small- and medium-sized neurons was marked in only the ipsilateral DRG injected with capsaicin and showing fluorescence of QX-314. This result is in agreement with the previous finding that TRPV1 is expressed in small-to medium-sized primary afferent neurons.[@b14-jpr-6-223] Furthermore, the results indicate that QX-314 can be transported through TRPV1 channels but cannot pass through the pores of TRPA1 or TRPM8. Thus, the histochemical results support the behavioral results in the animals injected with capsaicin/QX-314 (Binshtok et al[@b3-jpr-6-223] and the present study), AITC/QX-314 (present study), and menthol/QX-314 (present study).

Conclusion
==========

The results of this study indicate that TRPA1 and TRPM8 channels are ineffective for the transport of QX-314 compared with the TRPV1 channel. We would like to develop a new method, using a different substance from capsaicin to eliminate the action-potential firing in nociceptors by capsaicin. The actual transport of QX-314 through TRPV1 channels was verified visually.
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![Chemical structure of FAM-conjugated QX-314 (molecular mass, 692 Da).\
**Abbreviations:** FAM, 5(6)-carboxyfluorescein; QX-314, N-ethyl-lidocaine.](jpr-6-223Fig1){#f1-jpr-6-223}

![Effect on thermal sensitivity in TRPA1 channels opening.\
**Notes:** injections (10 μL in each group) of only 5% AITC (AITC group), only 2% QX-314 (QX-314 group), a mixture of AITC and QX-314 (AITC/QX-314 group), or the vehicle (vehicle group) were made into rat right plantar hind paws. The experimental groups were not significantly different from the vehicle group.\
**Abbreviations:** AITC, allyl isothiocyanate; QX-314, N-ethyl-lidocaine; TRPAI, transient receptor potential ankyrin I.](jpr-6-223Fig2){#f2-jpr-6-223}

![Effect on thermal sensitivity in TRPM8 channels opening.\
**Notes:** Injections (10 μL in each group) of only 5% menthol (menthol group), only 2% QX-314 (QX-314 group), a mixture of menthol and QX-314 (menthol/QX-314 group), or the vehicle (vehicle group), were made into rat right plantar hind paws. The menthol/QX-314 group showed more analgesia than the vehicle group at 10 to 60 minutes (*P* \< 0.01). The menthol group showed more analgesia than the vehicle group at 10 to 60 minutes (*P* \< 0.01). No significant difference was seen between the menthol group and the menthol/QX-314 group. The results indicate the independent analgesic effect of menthol.\
**Abbreviations:** QX-314, N-ethyl-lidocaine; TRPM8, transient receptor potential melastatin-8.](jpr-6-223Fig3){#f3-jpr-6-223}

![Effect on thermal sensitivity in TRPV1 channels opening.\
**Notes:** Injections (10 μL in each group) of only 0.1% capsaicin (capsaicin group), only 2% QX-314 (QX-314 group), a mixture of capsaicin and QX-314 (capsaicin/QX-314 group), or the vehicle (vehicle group), were made into rat right plantar hind paws. The capsaicin/QX-314 group showed longer withdrawal latency than the QX-314 group or the vehicle group at 60 to 300 minutes (*P* \< 0.01, and *P* \< 0.001, respectively). The capsaicin/QX-314 group showed analgesia compared with the capsaicin group at 60 to 180 minutes (*P* \< 0.05, and *P* \< 0.01, respectively). The capsaicin group showed analgesia compared with vehicle group at 240 to 300 minutes (*P* \< 0.01). The QX-314 group did not differ significantly from the vehicle group.\
**Abbreviations:** QX-314, N-ethyl-lidocaine; TRPV1, transient receptor potential ankyrin.](jpr-6-223Fig4){#f4-jpr-6-223}

![Inhibition of the antinociceptive effect of capsaicin/QX-314 by capsazepine.\
**Notes:** Capsazepine (50 μg/mL; 10 μL) was injected 30 minutes prior to the capsaicin/QX-314 (10 μL) injection (capsazepine/capsaicin/QX-314 group) into rat right plantar hind paws. The capsaicin/QX-314 group showed a longer withdrawal latency than the capsazepine/capsaicin/QX-314 group, the QX-314 group, or the vehicle group at 60 to 300 minutes (*P* \< 0.01, *P* \< 0.001). The capsazepine/capsaicin/QX-314 group did not differ significantly from the vehicle group.\
**Abbreviation:** QX-314, N-ethyl-lidocaine.](jpr-6-223Fig5){#f5-jpr-6-223}

![Effect on uptake of the fluorescence tracer (FAM). The fluorescence in small neurons (arrows) was conspicuous in DRGs injected with capsaicin and QX-314-FAM (**A**). Fluorescence was not detected in DRGs injected with only QX-314-FAM (**B**), AITC/QX-314-FAM (**C**), and menthol/QX-314-FAM (**D**).\
**Abbreviations:** AIT, allyl isothiocyanate; DRG, dorsal root ganglia; FAM, 5(6)-carboxyfluorescein; QX-314, N-ethyl-lidocaine; TRPA1, transient receptor potential ankyrin 1; TRPM8, transient receptor potential melastatin-8; TRPV1, transient receptor protein vanilloid 1.](jpr-6-223Fig6){#f6-jpr-6-223}

###### 

The size distribution of fluorescently labeled neurons in DRGs injected with capsaicin and fluorescent QX-314

  Size     Diameter (μm)   Number   \%
  -------- --------------- -------- ------
  Small    16--20          7        40.7
  21--25   6                        
  26--30   11                       
  Medium   31--35          10       54.2
  36--40   6                        
  41--45   8                        
  46--50   8                        
  Large    51--55          1        5.1
  56--60   2                        

**Abbreviations:** DRG, dorsal root ganglia; QX-314, N-ethyl-lidocaine.
